Cervico-vaginal fluid (CVF) plays significant roles in coitus, sperm transport, and implantation. It is believed to be a good noninvasive biomarker for various diagnostic purposes. In this study, a comprehensive proteomic analysis of buffalo CVF was performed during the estrous cycle in order to document the protein expressions, utilizing SDS-PAGE, mass spectrometry, and immunoblot. The main objective was to screen the CVF of buffalo for one or more estrus-specific proteins. A total of 416 proteins were identified in the CVF of both estrus and diestrus phases. Out of these proteins, 68 estrus-specific proteins have been extensively reviewed in the protein database. The major physiological functions of estrus CVF proteins appeared to be stress response, immune response, and metabolic. Eventually, the expression level of heat shock protein-70 in the CVF during the estrus phase, as revealed in SDS-PAGE analysis, was higher than during diestrus. The identity of the protein was confirmed by immunoblot analysis as heat shock protein-70. The findings provide a potential lead for the evaluation of these proteins for estrus detection in buffalo because CVF biomarker detection is a noninvasive technique. The mass spectrometric data of identified proteins have been deposited at the ProteomeXchange with the identifier PXD000620.
INTRODUCTION
Interaction between sperm and the luminal microenvironment of the female genital tract plays a sizeable role in mammalian sperm transport and fertilization. The molecular mechanisms of sperm transport through the female genital tract have not yet been fully understood. During this transit, the spermatozoa have to traverse different kinds of mucus secretions. One of these secretions, called the cervico-vaginal fluid (CVF), is a complex biological fluid derived mainly from cervical secretion [1] . CVF plays an essential role in mammalian reproduction [2] , viz., immune surveillance against pathogens [3] . Biochemical properties of buffalo CVF clearly indicate that changes in composition of CVF during estrous cycle are under hormonal control [4] because hormonal fluctuations influence the biochemical properties of the cervix [5] .
In the buffalo estrous cycle, estrus is a short period of time, and ovulation occurs 11 h following its onset [6] . It is important to note that estrus detection is a major problem in buffalo reproduction because estrus signs are not well established. When compared to cow and other mammals, the visual signs of estrus are not prominent in the buffalo. Therefore, the buffalo estrus is denoted as a silent heat [7] . To overcome this problem, presently several attempts have been made to devise methods to detect estrus in buffaloes, but to date, none of these methods is efficient or reliable [8] . Hence, there is a pertinent and urgent need to find a modality to identify the precise time of estrus in buffalo for enhancing the success of fertilization through artificial insemination. We have identified estrus-specific volatile compounds in buffalo urine [9] and feces [8] . Development of a volatile-based kit, availing the knowledge thus gained, to enable estrus detection in buffalo is in progress in our laboratory. Though the volatile compounds are reportedly one of the reliable indicators to discern estrus [10] , estrus-specific protein expression can be considered as an appropriate marker for estrus detection, one that discerns the physicochemical changes in body fluids. These criteria are most accepted in the diagnosis of cancer and various other diseases [11] . Considering the problem of buffalo estrus detection, it is important to identify specific proteins in body fluids during estrus to help develop a protein-based kit.
Presently, CVF analyses facilitate the identification of several human disease-related changes in their bacterial flora [12] [13] [14] and also offers a potential diagnostic tool to predict maternal and fetal health. Thus, a comprehensive catalog of protein expression in CVF during the estrous cycle would reveal the proteins that are expressed specifically or highly at the time of estrus. Therefore, it will be of advantage if the protein profiles of CVF and their expression during the estrous cycle, with special emphasis to estrus-specific or estrusindicating proteins, was identified in order to locate a marker protein to detect estrus and thereby to successfully inseminate the buffalo. Thus far, there has been no direct report adopting proteomics analysis with reference to differentially expressed proteins during estrus. On the other hand, there is one report relating to the study of oviduct proteins in buffalo [15] , but the study did not dissect the phase-specific proteins. Therefore, we embarked on an investigation of proteins in buffalo CVF during estrus and diestrus. The current proteomic approach enables the effective identification of proteins in complex biological/body fluids [16, 17] . In the present study, for the first time, we show the proteomic profile of buffalo CVF collected during estrus and diestrus. The SDS-PAGE was employed to fractionate the total proteome, and subsequently, high-resolution liquid chromatography tandem mass spectrophotometry (LC-MS/MS) was used to decipher the total proteome.
MATERIALS AND METHODS

Experimental Animals
Buffaloes maintained at the Veterinary College and Research Institute, Namakkal (1189 0 44 00 N latitude and 7889 0 37 00 E longitudes), Tamil Nadu, India, were used. Twelve heifer murrah buffaloes, free from anatomical and/or reproductive disabilities and diseases, were chosen for the investigation. The animals were maintained in separate 100 m 2 paddock housing system. The animals were tagged with a number in the ear for individual identification. The buffaloes were fed ad libitum with green fodder at 1.5-2 kg/day. All the experimental procedures were approved by the Institutional Animal Ethics Committee of the Veterinary College and Research Institute.
Estrus Observations
The animals were observed for six consecutive estrous cycles by trained personnel. The onset of estrus was recorded based on the behavioral signs such as restlessness, frequent urination, and sniffing of vagina and flehmen behavior by the male. The onset of estrus was further confirmed by cardinal visual signs such as swelling and reddening of the vulva, mucus discharge, mounting, and also by transrectal examination. The typical fern crystallization analysis of CVF was done, and onset of estrus was noted as Day 0 [18] . The mucus was collected by inserting a sterile swab into the cervical region and smeared onto a glass slide. The smear was allowed to dry at room temperature and then directly observed microscopically at 1503.
Sample Collection
CVF was collected for six consecutive estrous cycles of individual females during estrus and diestrus [8, 18] . A portion of the samples was utilized for the fern crystallization analysis, and the remaining samples were immediately transferred to vials and maintained at À808C for further analysis.
Sample Preparation and Protein Estimation
Frozen CVF was brought back to room temperature and homogenized using a glass homogenizer to obtain a clear liquefied sample and, then, centrifuged at 12 000 rpm for 15 min at 48C. The supernatant was collected and used for protein estimation according to the modified protocol of Bradford [19] .
SDS-PAGE Analysis
The 12% SDS-PAGE, as modified by Laemmli [20] , was adopted. The protein profiles were identified by running molecular mass reference standards (PMW-M; Bangalore Genie) that consisted of phosphorylase (97.7 kDa), bovine serum albumin (66 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), soybean trypsin inhibitor (21.1 kDa), and lysozyme (14.1 kDa). The supernatant of CVF equivalent to 40 lg protein from each phase was loaded onto the gel, and electrophoresis was carried out with a constant voltage current (50 V) at room temperature for 6 h. The gel was rinsed with distilled water for 2 min and stained with 0.5% Coomassie brilliant blue R-250, prepared in 40% methanol and 10% acetic acid, at room temperature for 2 h. The gel was then destained in a solution containing 40% methanol and 10% acetic acid until the appropriate background was obtained.
Trypsin In-Gel Digestion
Seven separate portions were excised from each estrus and diestrus gel lane and destained using 100 ll of 25 mM NH 4 HCO 3 /50% (v/v) acetonitrile (1:1) by incubation at 378C for 30 min. The procedure was repeated until no stain was visible in the protein band and then dried in a Speed-Vac (Savant). The gel slices were incubated in 100 ml of 2% b-mercaptoethanol/25 mM NH 4 HCO 3 for 20 min at room temperature in the dark. For cysteine alkylation, an equal volume of 10% 4-vinylpyridine in 25 mM NH 4 HCO 3 /50% acetonitrile was added. After 20 min incubation, the slices were soaked with 1 ml of 25 mM NH 4 HCO 3 for 10 min, dried, and then incubated overnight (;18 h) in 25 mM NH 4 HCO 3 containing 100 ng of modified trypsin (Promega). The digested samples were separated and dried in a Speed-Vac. The preparation was resuspended in 0.1% formic acid immediately before MS analysis.
MS Analysis
LTQ-Orbitrap (Discovery) hybrid MS with a nano-electrospray ionization source (ThermoElectron) and coupled with nanoflow high-performance liquid chromatography (1200 series; Agilent Technologies) were used for the analysis of all the excised bands from the gels. The entire spectrometric analysis was carried out with an Agilent C18 column (100 3 0.75 mm, 3.5 lm particle diameters). The mobile phases consisted of 0.1% formic acid in water and 0.1% formic acid in acetonitrile. The flow rate of the pump was optimized at 0.5 ll/ min. The conventional MS spectrum (Survey Scan) was acquired at high resolution (M/DM, 60 000 full-width half-maximum) over the acquisition range m/z 200-2000. The series of precursor ions were selected for the MS/MS scan. Further, the spectrum (collision-induced dissociation spectrum or MS/MS spectrum) was acquired for the fragment ions generated by collision-induced dissociation.
Data Analysis
Xcalibur software (version 2.0. SR1) was used to analyze the MS data. Product ion scans gathered from tandem MS were involved in the database search software SEQUEST (TURBO) (http://sjsupport.thermofinnigan.com/ project/product_support/xcal_layered_apps_turbosequest.htm) [21] . Peak lists were created from the products in the scan data (threshold set to 10 000), and these were searched against the mammalian protein sequence database from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). Modification of cysteine by carboxymethylation and methionine by oxidation modifications was allowed. The mass tolerance for the precursor peptide ions was set to 3.5, and the fragment ion tolerance was set to 1. Singly charged, doubly charged, and triply charged peptides have higher cross-correlation score, viz., 1.9, 2.2, and 3.75, respectively, which give high confidence in terms of the protein identification. Two or more unique peptides for each protein were taken for confirmation of the protein present in the sample.
Western Blot Analysis
CVF from the two phases were loaded on 12% SDS-polyacrylamide gels. After SDS-PAGE, the proteins were transferred to a polyvinylidene fluoride membrane using the semidry Western blot system (Bio-Rad). The following procedure was conducted using the ECL Western blot protein detection kit (RPN2135; GE Amersham). A mouse monoclonal heat shock protein-70 (HSP-70) (Santa Cruz Biotechnology) antibody at 1:2000 dilution was used in the primary blotting and anti-rat immunoglobulin G at 1:2000 dilution was used as the secondary antibody. The images were developed and fixed on x-ray film. The band intensity of HSP-70 expression in estrus and diestrus were analyzed using one-way analysis of variance (ANOVA) by SPSS version 16 (SPSS Inc.).
RESULTS
Estrus Validation by Individual Estrus Cardinal Signs
A recent study has demonstrated that identification of the estrus phase is mandatory to fix the ovulation period [6] . Thus far, the available reports demonstrate the presence of volatile molecules that are specifically expressed during the estrus phase, and these volatiles may play a significant role in buffalo reproduction [8, 9] . A total of 72 estrous cycles were observed in the present study, including the two major phases: estrus and diestrus. The percentage of overall observation of estrus signs is denoted in Figure 1A . The majority of animals had wellpronounced CVF crystallization (86.11%), intense vulva swelling (84.72%), and vulva reddening (77.77%). Mucus discharge and mounting were found to be weak signs (36.11% and 6.14%, respectively). CVF crystallization was found to be MUTHUKUMAR ET AL.
well-pronounced during estrus and can be considered as a main validation for estrus detection (Fig. 1B) .
One-Dimensional Gel Proteome Expression in CVF
After validation of the estrus and diestrus phases, the CVFs were collected. The total proteome was fractionated by SDS-PAGE. The protein profile of estrus phase CVFs was compared to that of diestrus CVFs. In the two phases, a total of nine bands were revealed in the Coomassie brilliant blue-stained gels; their molecular mass ranged between 15 and 133 kDa ( Fig. 2A) . The staining intensity of all the bands was found to be similar in the high molecular range, whereas bands in the low molecular range, viz., those of 42, 27, 22, and 15 kDa, exhibited a significant difference in their intensity (band area).
MS Analysis and Functional Annotation
The CVF proteome representing the two phases were sliced into fourteen fractions and subjected to MS analysis (biological replicates). The results revealed a total of 416 proteins in both phases. Of these, as much as 127 proteins were specific to the estrus phase and 63 proteins were specific to the diestrus phase; 113 proteins were present in both phases (Fig. 3) . The identified proteins from the estrus phase CVF were utilized to retrieve their molecular function and cellular location using the STRAP online database (http://www.geneontology.org/GO. tools) [22] . The results of the ontology analysis of estrus proteins yielded the following molecular functions: binding activity, 52%; catalytic activity, 29%; enzyme regulatory activity, 8%; structural molecule activity, 5%; other, 5%; antioxidant, 1%; and molecular transducer activity, 1% (Fig.  4B) . As regards cellular compartments, the classification revealed: cytoplasmic proteins, 21%; other components, 14%; extracellular region proteins, 13%; cytoskeletal proteins, 12%; nuclear proteins, 10%; other intracellular organelle and plasma membrane proteins, 9%; endoplasmic reticulum proteins, 5%; macromolecular complex proteins, 3%; chromosomal proteins, 2%; cell surface proteins, 1%; and endosome protein, 1% (Fig.  4A) .
Estrus-Specific Proteins
The results obtained in the MS analysis helped us to map the phase-specific proteins. From the 127 estrus-specific proteins identified, only 68 candidates have been extensively reviewed in the protein database. Their biological functions were retrieved from the DAVID database (http://david.abcc.ncifcrf. gov/) [23] , and their theoretical isoelectric points (pIs) and monoisotopic molecular weights were calculated from the Swiss-Prot database (http://web.expasy.org/compute_pi/) [24] ; these are listed in Table 1 as estrus-specific proteins. Among the identified proteins, HSPs were expressed in five different places in the SDS-PAGE (Table 1) .
Western Blot Analysis
We further examined the 70 kDa protein present on the SDS-PAGE protein profile and confirmed its identity by adopting an MS approach. To further understand the intrinsic properties of the band, we ran the SDS-PAGE and transferred the proteins onto polyvinylidene fluoride membrane, which we BUFFALO CERVICO-VAGINAL FLUID PROTEOME then probed using anti-HSP monoclonal antibody detection by ECL kit. The immunoblot revealed that the Coomassie brilliant blue-stained 70 kDa protein detected in the SDS-PAGE could be reliably identified as HSP-70. Interestingly, the Western blot analysis showed that a significantly high-level expression of HSP-70 was obvious in estrus CVF compared to diestrus CVF (Fig. 2, B and C) .
DISCUSSION
The CVF plays a significant role in the process of reproduction [1] . Thus far, identification of buffalo CVF proteins with special emphasis on the estrous cycle has been sketchy. In the present investigation, we collected the CVF of buffaloes representing estrus and diestrus phases, fractionated the proteome by SDS-PAGE, and identified the proteins utilizing MS, which was further confirmed by immunoblot. The buffalo cardinal estrus signs provided identification of the estrus phase. We also observed a higher percentage of vulva swelling and vulva reddening, which are in line with a previous report on cows [25] . On the other hand, mucus discharge and mounting were considerably less significant signs. In the overall manifestation of estrus, vulva swelling and CVF crystallization were well-pronounced, which confirms the report of Deo and Roy [26] . Transrectal examinations were also carried out for the validation of the estrus phase. It is interesting to note that the amount of mucus was high during estrus, and the mucus was dilute and looked clear, which would offer lesser resistance for sperm to swim [27] , whereas during diestrus, the mucus was scanty but dense. The crystallization patterning of the CVF took a typical white color when dried. SDS-PAGE revealed a much more significant difference in the expression of the low molecular weight proteins between estrus and diestrus CVF. Recently, an estrus-specific urinary low molecular weight lipocalin protein has been identified in a rodent [28] . In order to make a combinatorial and comprehensive protein study, we took the entire gel from each phase in two replicates, made each into seven pieces, and subjected them to tryptic digestion. Further, each fraction was subjected to MS analysis.
In this study, each protein was identified based on two or more unique peptide matches; they were listed according to their presence in the estrous cycle. A total of 240 proteins were identified during the estrus phase, whereas only 176 proteins were identified during the diestrus phase. In order to screen the specific proteins during the estrus phase, the identified proteins from both phases were studied using the Venny online tool. Interestingly, 127 proteins were found to be exclusive for the estrus phase among which 68 proteins have been extensively reviewed in the protein database. Thus, the results indicate that estrus phase CVF contains more proteins than diestrus phase CVF. Expression of more number of proteins during the estrus phase highlights the functional significance of this period, that is, to make sperm movement comfortable so as to facilitate fertilization. Furthermore, we classified the identified proteins based on their intrinsic properties such as molecular functions and cellular location.
The comparative proteomic analysis of buffalo CVF during the estrus phase revealed a large number of proteins. The major functional groups identified in estrus CVF proteins are 1) 
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metabolic molecules ranging from a protease to glycogen phosphorylase, pyruvate kinase, alpha-enolase, L-lactate dehydrogenase, and hypoxanthine-guanine phosphoribosyltransferase; 2) protein-and ion-binding proteins such as plasminogen activator inhibitor type 1, ACTN1 protein, EF-hand domaincontaining protein D2, resistin, and HEAT repeat-containing protein 5B; 3) immunologically responsive proteins such as neurogenic locus notch homolog protein 1 and alpha-1 acid glycoprotein; and 4) stress responsive proteins such as HSP-70 1B, HSP-70 cognate, alpha-actinin-2, and HSP beta-1. As far as immune response proteins are concerned, anti-inflammatory and antimicrobial molecules appeared in the estrus CVF.
The appearance of histone H2B in the estrus CVF of buffalo appears to be unique. Basically, histones are primarily involved in chromatin remodeling and are mostly limited to intracellular localization. Recent reports indicate that neutrophil extracellular traps also contain histone molecules [29, 30] . The histone molecules have further been reported to be involved in antimicrobial activities [31, 32] . Therefore, the presence of histone specifically in estrus CVF provides strong circumstantial evidence that this protein would exert an antimicrobial effect during coitus.
The HSPs, which are stress-response molecules, were expressed highly during estrus in five different regions of the SDS-PAGE. This protein group, said to serve as molecular chaperones, is involved in housekeeping of the cells and facilitates in the transport, folding, unfolding, assembly, and disassembly of multistructured protein units as well as degradation of misfolded or aggregated proteins [33] . For instance, the presence of HSP-70 in the cervical region during the estrus phase of animals complicated with an infection induces the expression of interleukins [34] . This comparative proteomic study found a high level of expression of HSPs exclusively during estrus; our identification of the HSP-70 protein in estrus CVF was further confirmed by using antimouse HSP-70 in the immunoblot analysis, establishing the intense expression of the HSP-70 molecule during the estrus phase.
It is well documented that HSP-70 is involved in steroidogenesis and also in the assembly and trafficking of steroid receptors [35, 36] . HSP-70 acts as a coactivator for nuclear estrogen receptor, thus regulating estrogen receptor-a activity in breast cancer cells [37] . The expression of HSP-70 and heat shock transcription factor are under regulation by estrogen. A significantly higher level of expression of HSP-70 was observed in epithelial cells during diestrus in rat, when the maximum expression of estrogen receptor-a occurred in the oviduct [38] . However, our study showed that the extracellular fluid CVF has higher expression of HSP-70 during estrus phase. Also, hormonal changes in the infundibulum and ampullar regions of rat oviduct were influenced by HSP-70, that is, it was abundant in the oviduct during pregnancy, indicating that HSP-70 may modulate the estrogen-and other pregnancy-related hormones [38] .
Investigation of HSP-70, until now, has documented the inseparable relationship of HSP-70 with reproduction process, and our present report also proves that HSP-70 expression is truly depended on the phases of the estrous cycle. The very high expression of HSP-70 in the estrus phase of buffalo CVF would suggest a significant role to HSP-70 in the maintenance of a healthy cervical region to facilitate effective fertilization. During estrus, the animal is amenable to coitus with the male partner. The cervix may have microbial infection and/or the proinflammatory process during ovulation, which may also be considered as stresses, which would facilitate the influx of stress-response proteins to maintain a healthy cervical condition to facilitate the fertilization purposes. Up-regulation of HSPs has been elaborately studied in various stress conditions such as high temperature [39] , low temperature [40] , radiation [41] , bacterial and viral infections [42] , heavy metal exposure [43] , oxidative stress [44] , and physical activity [45] . Thus, this is the first ever report showing very high expression of HSP-70 in CVF during the estrus phase of buffalo. It is concluded that the molecules identified in the estrus CVF have many functions, including antimicrobial and anti-inflammatory, which are eventually important during the mating scenario and in the medium for sperm transportation. This is the first report of buffalo CVF proteome centering around the estrous cycle. We report the occurrence of a total of 416 proteins that have many biological functions and with comprehensive differences between the estrus and diestrus phases. HSP-70 was highly expressed during the estrus phase, which is the most crucial time in the reproductive cycle to ensure successful insemination, when compared to diestrus. We have found a new landmark avenue for estrus detection in buffalo, making use of data on the set of proteins during the estrus phase. The HSPs and histone could be considered as marker proteins for estrus. Further studies to confirm these proteins as representative of the estrus phase in buffalo are in progress. BUFFALO CERVICO-VAGINAL FLUID PROTEOME a Proteins having at least two identified peptides in estrus buffalo CVF are listed with their Swiss-Prot/TrEmbl accession numbers. b Functions were retrieved using the DAVID database bioinformatics resource [23] . c,d Theoretical pIs (c) and monoisotopic molecular weights (d) were calculated using the Swiss-Prot Web site [24] .
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